Fig. 1. Summary of structural features of C-type animal lectins
Invariant residues found in the common, Ca2+-dependent CRDs of a number of animal lectins are shown, flanked by schematic diagrams of the special effector domains (if any) found in individual members of the family. GAG, glycosaminoglycan; EGF, epidermal growth factor. A more detailed discussion may be found in Drickamer (1 988). Two recently recognized homologous proteins are the Kupffer cell fucose lectin, which contains a segment that may be a coiled-coil (Hoyle & Hill, 1988) , and tetranectin, which is primarily a CRD with minimal flanking sequences (Fuhlendorff et al., 1987) . (Drickamer et al., 1986) was excised with Sau3Al and inserted into a bacterial expression vector under the control of the ompA promotor (p0'"fJA ) and the lacoperator (o'"~; Ghrayeb et al., 1983) . This construct was recut with EcoRl and the open sites were filled and re-ligated to achieve the correct reading frame in which the ompA signal peptide (s0'"fJA) is followed by the connecting sequence Ala-Glu-Leu-Ile-Pro-Ser-Leu and the mannose-binding protein beginning at the end of the collagen-like domain with the sequence Asp-Arg-Gly. Bottom left, induction of CRD synthesis. Aliquots (50 pl) of an overnight culture of E. coli strain JA221 containng the expression plasmid were used to innoculate 2.5 ml of medium. After 3 h at 37"C, the cells were harvested and 15% of each sample was analysed by SDS/polyacrylamide-gel electrophoresis [17.5% (w/v) gel; Laemmli, 19701 . Lanes 1, 2 and 3, Commassie Blue stain of cells induced for 0, 30 and 60 min, respectively, with 4 mM-isopropyl-B-Dthiogalactoside. Lanes 4, 5 and 6, samples identical to left panel probed with anti-( mannose-binding protein) antibodies and radioiodinated protein A (Burnette, 1981) . Bottom right, purification of CRD. Cells were induced for 90 min, harvested, sonicated in 10 mM-Tris/HCl, pH 7.8, and centrifuged to recover a crude pellet. This pellet was dissolved in 6 M-guanidine hydrochloride containing 100 mM-Tris/Hcl, pH 7.0 and 4 m~-2-mercaptoethanol, and dialysed extensively against loading buffer (1.25 M-NaCl containing 25 mM-CaCI, and 25 mM-Tris/HCl, pH 7.8) for application to a column of mannose-Sepharose (Fornstedt & Porath, 1975) . Elution buffer contained 2.5 mM-EDTA in place of CaCI,. Lanes 7 , s and 9, flow-through, loading-buffer rinse, and EDTA-eluted fractions, respectively (Coomassie Blue stain).
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Definition of 18 invariant residues at a defined spacing which are associated with the common CRDs of these known animal lectins has made it possible to search the primary structures of other proteins to identify homologous regions which might be functional CRDs. It is important to note that such homologies are often missed if conventional search programs are employed, because the invariant residues are not highly clustered in any one region, and data bank searches are generally conducted using short segments of a test protein to compare against other known sequences. For this reason, searches must be conducted which emphasize the critical presence of the invariant residues.
Using this approach, it has been possible to identify candidate CRDs in a number of proteins which, until now, have not been associated with carbohydrate-binding activity. The structures of several of these proteins are summarized in Fig.  1 . The lymphocyte receptor for the Fc portion of IgE (Ikuta et al., 1987; Luden et al., 1987) resembles the known membrane lectins, while the pulmonary surfactant apoprotein (Haagsman et al., 1987) is more like the soluble mannosebinding proteins. In contrast, the proteoglycan core protein contains a potential CRD in association with distinct domains. With this increasing list of proteins for which carbohydrate-binding activity might be predicted, it was important to develop methodology for demonstrating that the putative CRDs are functional, for determining the binding specificity of the known novel CRDs, and for identifying endogenous saccharide-containing ligands.
Demonstration of predicted carbohydrate-binding activity
Carbohydrate-binding activity predicted from sequence analysis has been demonstrated in two instances. In the case of the pulmonary surfactant apoprotein, it was possible to work directly with the natural protein prepared from lung tissue. Affinity chromatography on immobilized carbohydrate columns was employed as an assay for interaction with carbohydrate. From previous work with the hepatic glycoprotein receptors and the mannose-binding proteins, conditions for binding to the resins in the presence of Ca2+ and elution with EDTA have been established. These methods were transferred directly to the apoprotein, which was found to bind to a range of monosaccharides, but not to the amino sugars (Haagsman et al., 1987) . Dependence of divalent cations could also be demonstrated by this approach.
The predicted CRD near the C-terminus of the cartilage proteoglycan core protein was less accessible at the protein level. The core protein is large and heavily glycosylated, and often the C-terminal globular domain is lacking from the mature molecule (Doege et al., 1987) . For this reason, a more general approach to studying carbohydrate recognition using cDNAs was developed. The method was based on the previous finding that a CRD from the rat asialoglycoprotein receptor expressed in a rabbit reticulocyte translation system in vitro in the presence of dog pancreas microsomes binds to galactose-containing affinity columns (Hsueh et al., 1986) . It was further found that the CRD from this protein is also active when expressed in isolation, as long as it is directed to the lumen of the microsomes by fusion to a signal sequence. The efficiency of folding ip this system varies from nearly quantitative to roughly 30%, depending on the CRD being expressed (Halberg et al., 1987) . With this as background, it was reasonable to attempt expression of the predicted CRD from the proteoglycan core protein under similar conditions. The results of this type of analysis revealed that the CRD is functional (Halberg et al., 1988) . However, the binding Fig. 3 . Blotting of glycoproteins with expressed CRD CRD, expressed and purified as described in Fig. 2 , was radioiodinated (Greenwood et al., 1963) and repurified on mannose-Sepharose. Glycoproteins (4 pg each) were separated on SDS/polyacrylamide gels and either detected with Commassie Blue (upper panel) or transferred to nitrocellulose (lower panel; Burnette, 1981) . The blot was treated overnight with 2% (w/v) haemoglobin in 0.125 M-NaCI containing 10 mM-Tris/HCI, pH 7.4, incubated with 1251-CRD (100 pCi/mg) for 2 h at room temperature in 20 ml of the same solution containing 50 mM-CaCI,, and washed with loading buffer (Fig. 2) four times for 10 min at 4°C. Autoradiography was for 3 h. a,AGP, a,-acid glycoprotein; BSA, bovine serum albumin; SBA, soyabean agglutinin. activity observed is weaker than for the other known CRDs, since the CRD elutes from monosaccharide affinity columns even in the presence of Ca2+, although it is significantly retarded on a number of resins. A competition assay was developed to determine an order of specificity for the bind-627th MEETING, NOTTINCHAM ing: galactose and fucose were found to be the best ligands, with mannose and glucose showing intermediate affinity, and the amino sugars interacting very poorly with the CRD.
Although the methodology developed to this point has limitations, it does make it possible to show that lectin-like activity can be predicted from primary structure and confirmed working from a cDNA for a protein otherwise difficult to obtain. This success raises that hope that it will be possible to demonstrate carbohydrate binding to other proteins shown in Fig. 1 . Similarly, the methodology should be applicable to other proteins, regardless of abundance, which are found by sequence analysis of cDNAs to have potential CRDs.
Identification of endogenous ligutids for CRDS
Demonstration of carbohydrate-binding activity predicted from primary structure represents only the first step in determining the role of carbohydrate recognition. As a next step towards understanding the biological significance of this binding activity, it would be of considerable interest to be able to identify high-affinity, endogenous ligands to which the individual CRDs may bind. For this purpose, a set of methods is being developed which will allow determination of detailed oligosaccharide binding specificity as well as detection of glycoconjugates with particular affinity for a given CRD. Thus far, the methodology is being evaluated for the CRD found in rat soluble mannose-binding protein.
As shown in Fig. 2 , it is possible to express this binding domain in the absence of the collagen-like portion of the molecule using a bacterial expression vector which directs the secretion of the protein into the periplasmic space. The protein produced in this manner is not correctly folded, but can be renatured following denaturation in guanidine hydrochloride in the presence of reducing agent. The renatured material is readily purified by affinity chromatography on mannose-Sepharose. It is likely that similar procedures will allow the production of other CRDs as well. Purified binding domain can be iodinated and used to probe for high-affinity ligands as shown in Fig. 3 . This Figure  demonstrates that nitrocellulose blots of glycoproteins separated by SDS/polyacrylamide-gel electrophoresis can be stained with the iodinated CRD. The results in this case confirm the specificity of binding demonstrated by more conventional methods. The best ligand for the domain is the high-mannose structure of yeast invertase. Binding to neoglycoproteins which contain terminal mannose or Nacetylglycosamine is demonstrated, while binding to a galactose neoglycoprotein is not observed. Specificity for terminal N-acetylglycosamine is also demonstrated by binding to degalactosylated a,-acid glycoprotein, but not to material containing terminal galactose or sialic acid. Clearly, this methodology will be useful in the future analysis of other CRDs expressed in bacteria. Finally, a combination of the expression approach with recently developed methods for the separation of oligosaccharides as neoglycolipids (Tang & Feizi, 1987) will make it possible to define the detailed oligosaccharide specificities of individual CRDs with increasing facility. 
Mutiriose-6-phosphate-depetidet~t transport
Targeting of newly synthesized lysosomal enzymes in many cell types depends on formation of mannose 6-phosAbbreviations used: M6P, mannose 6-phosphate residue; MPR, mannose-6-phosphate-specific receptor; IGFII, insulin-like growth factor II. phate residues (M6P) on lysosomal enzymes and recognition of these residues by specific receptors (MPR). Lysosomal enzymes bearing the recognition marker bind specifically to MPR located in the Golgi apparatus, resulting in sorting from secretory and plasma membrane proteins. The receptor ligand complex is translocated via coated vesicles to a prelysosomal compartment where low pH stimulates dissociation. The lysosomal enzymes are delivered to lysosomes and the receptors recycle to the Golgi to repeat the process. Ten to twenty per cent of the MPR is present at the cell surface mediating the uptake of exogenous lyosomal enzymes to the lysosomes. Exposing cells to antibodies against the MPR led to an inhibition of segregation and endocytosis of lysosomal
